Poliovirus RNA replicative complexes are associated with cytoplasmic membranous structures that accumulate during viral infection. These membranes were immunoisolated by using a monoclonal antibody against the viral nonstructural protein 2C. Biochemical analysis of the isolated membranes revealed that several organelles of the host cell (lysosomes, trans-Golgi stack and trans-Golgi network, and endoplasmic reticulum) contributed to the virus-induced membranous structures. Electron microscopy of infected cells preserved by high-pressure freezing revealed that the virus-induced membranes contain double lipid bilayers that surround apparently cytosolic material. Immunolabeling experiments showed that poliovirus proteins 2C and 3D were localized to the same membranes as the cellular markers tested. The morphological and biochemical data are consistent with the hypothesis that autophagy or a similar host process is involved in the formation of the poliovirus-induced membranes.
Poliovirus and other picornaviruses are nonenveloped icosahedral viruses whose RNA genomes are translated, replicated, and packaged in the cytoplasm of infected primate cells. Dramatic morphological and biochemical alterations in the host cell accompany virus infection (reviewed in references 61 and 62). Cellular translation (30) , transcription (17) (18) (19) , and protein secretion (25) are inhibited. During the course of poliovirus infection, intracellular calcium concentrations increase greatly (44) and lysosomal enzymes redistribute into the cytosol (39) . Starting at approximately 2 h postinfection, membranous structures begin to accumulate in the cytoplasm of poliovirus-infected cells; these structures were described 30 years ago by Dales et al. as small, membrane-enclosed bodies (21) that range from 50 to 400 nm in size (16) .
RNA-dependent RNA synthesis by all eukaryotic positivestrand RNA viruses tested to date occurs in association with cytoplasmic membranes. Several other picornaviruses such as coxsackieviruses (46) , echoviruses (34, 35, 65) , mengovirus (2, 3) , and encephalomyocarditis virus (22) induce the rearrangement of intracellular membranes. In addition, alphavirus RNA replication complexes are found on the surfaces of membranous vesicles that have been identified as endosomal in origin (32) . RNA replication complexes from flock house virus, a nodavirus, can be isolated only in association with membranes of unknown origin from infected insect cells; in vitro RNA synthesis by these complexes is stimulated by glycerolphospholipid (75) . Reticular inclusions seen in coronavirus-infected cells may be involved in viral RNA synthesis; in some images, these membranous structures appear to have double membranes (26) . The mechanisms of membrane proliferation and of assembly of the RNA synthetic complexes for these viruses are unknown. The extensive association of RNA replication with intracellular membranes is especially noteworthy for picornaviruses and other nonenveloped viruses, since cellular membranes form no part of the mature virion structure. Nonetheless, newly synthesized poliovirus RNA (72) , poliovirus proteins known to be required for RNA replication (7, 9, 10, 69, 72) , and virus particles in the process of assembly (57) are found in association with the newly formed membranous structures.
Electron micrographs consistent with the budding of the poliovirus-induced membranes from the endoplasmic reticulum (ER) have been obtained (7) . The membranes of the protein secretory pathway are logical candidates for the origin of the poliovirus-induced membranous structures because of the observation that brefeldin A, which inhibits protein secretion, also inhibits poliovirus RNA synthesis (45, 51) . Furthermore, structures with the typical morphology of Golgi stacks are not observed (16) and the cellular secretory pathway is inhibited (25) in poliovirus-infected cells.
To determine the intracellular origin of the poliovirus-induced membranes, we have used immunoisolation techniques to isolate membranes that contain the poliovirus replication protein 2C from infected cells. These preparations were tested with antibodies to proteins from throughout the cellular secretory pathway. We found that the 2C-containing membranes did not contain markers from a single donor organelle; instead, markers from throughout the secretory pathway, including the rough ER (rER), the Golgi apparatus, and lysosomes were found in the poliovirus-induced membranes. The presence of viral proteins as well as markers from the late Golgi apparatus and lysosomes was confirmed by electron microscopy and immunocytochemistry of poliovirus-infected cells preserved by high-pressure freezing. These micrographs also revealed that the membranous structures are bounded by two lipid bilayers, not the single bilayer predicted by a simple budding mechanism. The double membranes and the complex biochemical origin of the poliovirus-induced structures instead suggest that they originate by a process analogous to the formation of autophagic vacuoles.
MATERIALS AND METHODS

Cells and virus.
HeLa cells grown in suspension and COS-1 cells grown on plates were infected with poliovirus as described previously (25, 51) . Infections with poliovirus type 1 Mahoney were performed at multiplicities of infection of 20 to 30 PFU per cell.
Antibodies. The monoclonal antibody against the nonstructural poliovirus protein 2C has been described elsewhere (7, 8, 10, 54) . A monoclonal antibody against poliovirus protein 3D was prepared by Kurt Christiansen (University of Colorado Health Sciences Center), using purified recombinant 3D (55) as the immunizing antigen. Rabbit polyclonal antiserum against protein disulfide isomerase (PDI) was provided by Steven Fuller (European Molecular Biology Laboratory, Heidelberg, Germany). A monoclonal antibody (G1/296) against the ER membrane protein p63 (63) was provided by Hans-Peter Hauri (University of Basel, Basel, Switzerland). Although p63 was originally thought to be a marker for the intermediate compartment, p63 localization was reassessed in a recent study and shown to be the rER (64) . Polyclonal antibodies against human 1,4-galactosyltransferase (galT) (74) were provided by Eric Berger (Universität Zürich, Zürich, Switzerland). Polyclonal rabbit antibodies against the human lysosomal membrane glycoprotein lamp-1 (15) were provided by Minoru Fukuda (Cancer Research Center, La Jolla, Calif.).
Subcellular fractionation of radiolabeled infected cells. Poliovirus-infected COS-1 cells were labeled from 4 to 4.5 h postinfection (hpi) with [ 35 S]methionine and chased with unlabeled methionine for 15 min as described previously (25) . A cytoplasmic extract was prepared as described previously (14) except that cell lysis was performed in the presence of the protease inhibitors phenylmethylsulfonyl fluoride (174 g/ml), pepstatin (0.7 g/ml), aprotinin (2 g/ml), and leupeptin (0.5 g/ml). After cell disruption in lysis buffer (10 mM Tris [pH 8.0], 10 mM NaCl, 1 mM MgCl 2 ), additional NaCl was added from a 4.0 M stock to a final concentration of 160 mM. The cytoplasmic extracts were layered onto discontinuous sucrose gradients composed of 45, 30, and 10% sucrose in Trisbuffered saline (TBS; 160 mM NaCl, 1.5 mM MgCl 2 , 10 mM Tris [pH 7.4]). Membranes were spun to equilibrium (14) in an SW41 rotor. Fractions were collected manually from the top of each gradient. Before resolution by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and autoradiography, proteins were precipitated with trichloroacetic acid as described previously (11) .
Immunoisolation of poliovirus-induced membranes. Infected HeLa cells were harvested 5.5 hpi, and cytoplasmic extracts were prepared as described above. Preparations from infected and uninfected cells were adjusted to the same optical density at 600 nm by the addition of lysis buffer; optical densities at 600 nm were typically 0.7 to 1.1. The extracts were adjusted to final concentrations of 160 mM NaCl and 5 mg of bovine serum albumin (BSA) per ml. To 1 ml of these suspensions, 375 l of anti-2C monoclonal antibody was added. The solutions were incubated overnight at 4ЊC with constant rotation and then loaded onto discontinuous sucrose gradients. The membranes were spun to equilibrium in an SW50 rotor (14) . Fractions of interest were diluted with TBS to a final sucrose concentration of 18% (wt/vol), supplemented with BSA to a final concentration of 5 mg/ml, and incubated with 1 mg of sheep anti-mouse immunoglobulincoupled magnetic beads (Dynabeads M450; Dynal, Inc., Great Neck, N.Y.) per ml at 4ЊC for 2 h with constant rotation. Beads were collected by using a magnetic rack (Dynal) and washed twice with TBS containing 5 mg of BSA per ml and twice with TBS. In most experiments, the washed membranes were resuspended in a small volume of TBS containing 1% Triton X-100 and phenylmethylsulfonyl fluoride (174 g/ml) for 30 min on ice. The supernatant containing the detergent-soluble material was then removed, and the pellet containing the beads and antibody-bound material was washed three times with TBS containing 1% Triton X-100.
Electron microscopy of magnetic beads, SDS-PAGE, and quantitative immunoblotting. Magnetic beads with and without bound constituents were fixed and prepared for electron microscopy as described previously (31) . Proteins were separated by SDS-PAGE (48) . Gels were stained with silver as reported previously (12) or electroblotted onto Immobilon-P membranes (Millipore, Bedford, Mass.) as described previously (70) . Blots were tested sequentially with different primary antibodies followed by horseradish peroxidase-conjugated anti-rabbit or anti-mouse secondary antibodies, using enhanced chemiluminescence as instructed by the manufacturer (Amersham, Arlington Heights, Ill.). Relative protein abundances in immunoisolated membrane preparations were determined densitometrically as described recently (36, 42) . Standard curves for each protein analyzed were created from a dilution series of the unfractionated cytoplasmic extract. Briefly, the density of the Western blot (immunoblot) signal for a particular protein immunoisolated with poliovirus-induced membranes was measured. On the same blot, the densities of the same protein were measured from a dilution series of total cytoplasmic extract. The amount of the particular protein in the immunoisolated material was then expressed as a fraction of the volume of cytoplasmic extract in which an equivalent amount of the protein was found. This value was then normalized to a similar value for 3D polymerase. The resulting value should then represent the relative consumption of the compartment in formation of the virus-induced membranes.
High-pressure freezing and freeze-substitution. For cryofixation and electron microscopy, HeLa cells were infected in spinner culture as described previously (51) . At 4 to 5 hpi, the cells were washed once in Dulbecco's modified Eagle's medium, resuspended in Dulbecco's modified Eagle's medium containing 0.15 M sucrose, and kept at room temperature (15 to 45 min) until further processing. Samples were centrifuged at room temperature for 3 min at 240 ϫ g. Cell pellets were gently vortexed in a minimal volume of the supernatant to create a thick slurry of cells. Aliquots of the slurry were frozen in a Balzers HPM 010 highpressure freezing apparatus as described previously (20) and stored in liquid nitrogen. Three separate freeze-substitution protocols were used. For observation of cellular morphology, samples were freeze-substituted in 2% osmium tetroxide in acetone at Ϫ80ЊC, gradually warmed to room temperature, en bloc stained in 0.5% uranyl acetate in acetone, and embedded in Epon-Araldite resin. To enhance membrane staining, some samples were freeze-substituted in 0.1% tannic acid (24) in acetone at Ϫ80ЊC, rinsed in acetone, then warmed to Ϫ20ЊC in the presence of 2% osmium tetroxide in acetone for 16 h, and incubated at 4ЊC for 4 h. After being rinsed in acetone at 4ЊC, these samples were also embedded in Epon-Araldite resin. For immunolabeling, frozen samples were freeze-substituted in 0.01% osmium tetroxide in acetone at Ϫ80ЊC, warmed to Ϫ20ЊC for 3 h, rinsed in acetone, then en bloc stained with 0.5% uranyl acetate at Ϫ20ЊC for 2 h, embedded at Ϫ20ЊC in Lowicryl K4M, and subjected to polymerization under UV light at Ϫ35ЊC. Thin sections were stained with 2% uranyl acetate and lead citrate and then imaged at 80 kV in a JEOL 100C or Philips CM10 electron microscope.
Immunogold labeling of high-pressure-frozen cells. Thin sections of highpressure-frozen, freeze-substituted cells embedded in Lowicryl were mounted on Formvar-coated nickel grids and immunolabeled as follows. Grids were floated on a drop of blocking solution in phosphate-buffered saline (PBS) containing concentrations of BSA, Tween 20, fish gelatin (Janssen Life Sciences), and NaCl that corresponded to the concentrations used for each primary antibody. The anti-2C antibody was diluted twofold in PBS that contained 1% BSA and 0.1% Tween 20. The anti-3D antibody was diluted twofold in PBS that contained 1% BSA, 0.1% Tween 20, 0.1% fish gelatin, and an additional 100 mM NaCl. Anti-galT antibodies were diluted 50-fold in PBS that contained 1% BSA, 1% Tween 20, 0.1% fish gelatin, and an additional 100 mM NaCl. Anti-lamp-1 antibodies were diluted 10-fold in PBS that contained 1% BSA, 0.5% Tween 20, and 0.1% fish gelatin. Grids were incubated with primary antibodies for 2 h at room temperature. Gold-coupled secondary antibodies and protein A-gold (Ted Pella Inc., Redding, Calif.) were diluted 10-fold in PBS that contained 1% BSA and 0.1% Tween 20 and incubated with the grids for 1 h at room temperature.
In single-labeling experiments, mouse monoclonal primary antibodies were detected with goat anti-mouse secondary antibodies coupled to 15-nm-diameter gold particles. Polyclonal rabbit antibodies were challenged with protein A-15-nm gold particle complexes.
For double labeling, the sections were incubated with the primary antibody followed by an incubation with goat anti-rabbit or goat anti-mouse secondary antibodies coupled to 15-nm gold particles. The grids were then incubated with the second antibody followed by goat anti-mouse or goat anti-rabbit secondary antibodies coupled to 5-nm gold. In all double-labeling experiments, the first and second primary antibodies were from different animal species.
RESULTS
Immunoisolation of poliovirus-induced membranes. Several protocols for isolating poliovirus-induced membranes have used fractionation of cytoplasmic extracts in discontinuous sucrose gradients (9, 10, 14, 69) . Poliovirus proteins 2C, 3AB, 3CD, and 3D and viral capsid precursors all copurify with poliovirus-induced membranes in such gradients (8, 9, 14, 57, (67) (68) (69) 71) . In gradients containing layers of 30 and 45% sucrose, the comigration of poliovirus protein 2C with membranes that collected on top of the 30 and 45% sucrose layers has been demonstrated (8, 10) . RNA-dependent RNA polymerase activity from endogenous templates was demonstrated in both fractions (8) , making these fractions good candidates to contain most components of the active poliovirus RNA replication complexes and the membranes associated with them in the infected cell.
To determine where viral proteins sedimented in gradients composed of 45, 30, and 10% sucrose, poliovirus-infected COS-1 cells were labeled with [ 35 S]methionine from 4.5 to 5 hpi prior to fractionation. Polioviral protein 2C, known to be present in viral replication complexes, was found predominantly in the pellet and on top of the 45% sucrose fraction (m 2 ), in agreement with results of the original study using this isolation protocol (69) . Since the m 2 fraction is known to display RNA-dependent RNA polymerase activity (8), we initially chose the m 2 fraction as a source of membranes for further biochemical purification.
Immunoisolation with antibody-coupled magnetic beads was used to isolate only those membranes that were directly associated with the viral replication complex. HeLa cells grown in spinner culture were used to make the growth of large quantities of cells more practical. Viral protein 2C was chosen as a target for immunoisolation because its peripheral association with the cytoplasmic face of intracellular membranes (8, 10) is very stable, resisting extraction with 2 M urea (69) . Using a monoclonal antibody against protein 2C (54), we first tested whether immunoisolation was specific for 2C-containing membranes. Extracts from infected HeLa cells were prepared and incubated with the anti-2C monoclonal antibody. The membranes were centrifuged to equilibrium in discontinuous sucrose gradients as diagramed in Fig. 1 , separating the membranes into m 1 , m 2 , and pellet fractions and leaving unbound antibody in the supernatant. Antibody-bound material from the m 2 fraction was then isolated by using magnetic beads coupled to sheep anti-mouse antibody. Controls for these immunoisolations included performing the same isolation procedure with extracts from uninfected HeLa cell extracts and performing the isolation with infected HeLa cells in the absence of the anti-2C antibody.
The magnetic beads were analyzed by electron microscopy following chemical fixation (Fig. 2) . Membranous material was successfully isolated only when the anti-2C antibody was incubated with extracts from infected cells. The protein content of the immunoisolated material was examined by SDS-PAGE (Fig. 3) . Again, it is clear that proteins were immunoisolated from infected extracts, but not from uninfected extracts, and only in the presence of primary antibody to poliovirus protein 2C. Some of the immunoisolated proteins were released in the presence of the detergent Triton X-100 (Fig. 3, supernatants) , indicating that they were associated primarily with the membranes and not with stable 2C-containing protein complexes. It is in these fractions that all of the cellular markers described here (PDI, p63, galT, and lamp-1) were found. However, many proteins remained bound to the antibody-complexed magnetic beads even in the presence of detergent (Fig. 3, pellets) . Although sufficient Western analysis has not been performed to identify the proteins in this fraction unambiguously, this fraction probably includes viral proteins of the poliovirus replication complex (10, 13, 56, 67) and possibly cellular proteins that interact directly or indirectly with the viral replication complex (4, 40, 52) .
Immunoisolated poliovirus-induced membranes contain markers from several compartments of the protein secretory apparatus. The immunoisolated membranes were tested for the presence of viral and cellular proteins by immunoblotting. We tested for the presence of several organelle-specific cellular proteins to determine the cellular origin of the virus-induced membranes. The amount of each viral and cellular protein relative to its abundance in the unfractionated cytoplasmic extract was determined.
The viral protein tested was 3D pol , the RNA-dependent RNA polymerase and clearly a key enzyme of the viral replication complex. Cellular proteins chosen are known to localize to different cellular compartments along the protein secretory pathway: PDI, a peripheral membrane protein present in the lumen of the ER (37, 47); p63, a 63-kDa integral ER membrane protein (64); galT, an enzyme found in both the transGolgi network (TGN) and the trans cisternae of the Golgi apparatus (59); and lamp-1, a lysosomal membrane glycoprotein (15) .
The representation of the various marker proteins was determined by densitometry and normalization to that of immunoisolated 3D (Fig. 4 ; Materials and Methods). All cellular markers tested were present in the immunoisolated membranes but not in control isolations prepared in the absence of anti-2C antibody or from uninfected cells (Fig. 4A) . Marker proteins from different compartments of the secretory apparatus, however, were present in different relative abundances in the m 2 fraction (Fig. 4B) . For example, a sevenfold-higher representation of galT than of PDI was found in the immunoisolated membranes. The form of galT found in the poliovirus-induced membranes (Fig. 4A) was, interestingly, exclusively the mature form that results from processing in the Golgi apparatus (66) . We also found a two-fold-higher representation of the lysosomal marker lamp-1 than of the ER marker in the immunoisolated membranes. All cellular markers could be extracted by treatment with detergent (data not shown), suggesting that these proteins were associated with the membranes of the poliovirus replication complex and probably not with the replication complex itself.
The localization of these marker proteins with the 2C-containing membranes could indicate that these membranes were actually derived from compartments throughout the secretory apparatus. Alternatively, the immunoisolated material could be contaminated with membranes from organelles that were not constituents of the 2C-containing membranes in the cell. Since control preparations showed negligible amounts of cellular and viral proteins, such contamination could have occurred only during membrane immunoisolation from poliovirus-infected cells. To address the possibility that the poliovirusinduced membranes adhered to marker proteins or membranes from irrelevant organelles during immunoisolation, a mixing experiment was performed. The amount of labeled galT, labeled lamp-1, and total labeled protein in immunoisolated material from a mixture of extracts from infected unlabeled and uninfected labeled cells was approximately 25% of the amount isolated from the labeled infected extract alone (data not shown). Thus, at least 75% of the material shown in Fig. 4 was isolated by virtue of its direct association with 2C-containing membranes in infected cells.
Membranes containing viral protein 2C differ in content of cellular proteins. To test whether the 2C-containing membranes in the cell other than those found in the m 2 fraction also contained PDI, p63, galT, and lamp-1 in the same relative proportions as in the m 2 fraction, different sucrose gradients were used in the recovery of the 2C-containing membranes. To recover 2C-containing membranous material with a higher buoyant density than m 2 (Fig. 1, pellet) , gradients composed of 60, 45, and 30% sucrose were used, and the membranes on top of the 60% sucrose were collected as the m 3 fraction (Fig. 5A) . To recover most of the vesicular membrane material from infected cells, sucrose gradients composed of 60 and 10% sucrose were used, and a total fraction was collected (Fig. 5B) . Again, almost all the proteins recovered from anti-2C immunoisolations were specific for infected cells and the presence of the antibody (Fig. 5) .
All cellular markers found in the m 2 fraction (Fig. 4) were also present in the m 3 and total fractions, although with different relative abundances (Fig. 6) . Specifically, the m 3 fraction contained higher relative amounts of the ER markers PDI and VOL. 70, 1996 POLIOVIRUS-INDUCED MEMBRANES 6579 p63 than the m 2 fraction. The consistently low representation of the ER marker PDI may result from its being the only lumenal marker used in this study. Clearly, the m 2 and m 3 fractions could be physically separated on the basis of their differing buoyant densities. Thus, membranes that contain poliovirus replication proteins are heterogeneous in physical properties and possibly in origin. In the total fraction, which presumably best represents the intracellular situation, membranes from the ER, trans-Golgi stack and TGN, and lysosomes were recruited to the 2C-containing membranes in amounts comparable to their representation in total cytoplasmic extracts.
Poliovirus infection results in the accumulation of structures surrounded by two membranes.
To examine the poliovirus-induced membranous structures directly, we examined poliovirus-infected and uninfected cells by electron microscopy, using high-pressure freezing and freeze-substitution methods (reviewed in references 20, 33, and 53) instead of chemical fixation to preserve as much membrane fine structure as possible. The advantages of high-pressure freezing and freezesubstitution over chemical fixation are extremely rapid immobilization and fixation of cellular components and improved preservation of labile or transient cellular structures, particularly membranes (20) . To our knowledge, this is the first study that has used fixation by high-pressure freezing to analyze the membrane rearrangements in poliovirus-infected cells. Infected HeLa cells were collected 4 to 5 hpi and processed for electron microscopy. A dramatic accumulation of aggregated membranes in the cytoplasm of infected, but not uninfected, cells was observed ( Fig. 7A and B) , in agreement with previous reports of poliovirus-induced "vesicles" 50 to 500 nm in diameter (8, 10, 16, 21) .
Whereas most studies of chemically fixed poliovirus-infected cells have suggested that infection induces the formation of vesicles bounded by a single membrane, the vesicles observed in infected cells preserved by high-pressure freezing were bounded by a cisterna-like structure with an electron-lucent lumen of fairly uniform width (Fig. 7) . Inclusion of tannic acid in the freeze-substitution protocol resulted in sufficient electron-dense staining of the virus-induced membranes to visualize the two limiting bilayers (Fig. 8A) . This cisterna-like structure surrounded a darker center of apparently variable composition that was sometimes similar in appearance to the cytoplasm but sometimes exhibited a more fibrous morphology. Viral capsids were frequently observed within the enclosures, but the vast majority of viral particles were found in the cytoplasm adjacent to clusters of the virally induced membrane structures (Fig. 7C) .
Further support for the presence of two lipid bilayers in the poliovirus-induced membranous structures comes from the horseshoe configuration of many of them (Fig. 8B) . These images are suggestive of membrane-limited cisterna in the process of enclosing a region of cytoplasm, before closure of the compartment is complete.
Even at early times postinfection, all membranous structures that have formed as a result of poliovirus infection appear to be limited by the cisterna-like structure. Figure 8C shows a portion of an infected cell 2.5 hpi in which the membranes of both the ER and the virally induced vesicular structures are unstained but the greater thickness of the latter suggests the presence of a double membrane. Therefore, double-membrane structures represent the morphology of the virally induced membranes throughout poliovirus infection and are not the result of events that occur only as the cells near lysis.
Polioviral, TGN, and lysosomal proteins are localized to double-membrane structures in poliovirus-infected cells. To confirm that the double-membrane structures correspond to the poliovirus-induced membranes, we tested the intracellular localization of poliovirus proteins 2C and 3D polymerase by immunostaining the cryofixed samples. In agreement with previous reports (7, 54, 72) , we found that 2C epitopes localized almost completely to the area of the rearranged membranes, with most of the labeling associated with the outer surface of the double-membrane structure (Fig. 9A) . The same membrane association was found for 3D polymerase-containing polypeptides (Fig. 9B) . These findings corresponded to earlier biochemical (13, 69) and morphological (72) studies, all of which localized 3D pol and its precursors to the rearranged intracellular membranes. Therefore, the double-membrane structures that we observed correspond to the membranous vesicles previously described.
To test the presence of proteins from the cellular secretory pathway in the rearranged double-membrane structures, the localizations of galT from the trans-Golgi and the TGN (Fig.  9C ) and lamp-1 from lysosomes (Fig. 9D) were analyzed. Antibodies available to the ER markers did not stain well following cryopreservation in either infected or uninfected cells. Many more gold particles corresponding to galT and lamp-1 were found in the virus-induced double-membrane structures ( Fig. 9C and D) than in cytoplasm that did not contain these membranes (data not shown; see Fig. 10 ). Neither galT nor lamp-1, however, localized completely to the rearranged membranes. In particular, lamp-1 was often found in larger mem- branous structures close to the smaller membranous structures (Fig. 9D) . Colocalization of trans-Golgi and lysosomal proteins in 2C-containing double-membrane structures. Immunoisolation of membranes that contained PDI, p63, galT, and lamp-1 with antibody against poliovirus protein 2C (Fig. 4 and 6) argued that the poliovirus-induced membranes, or at least membranes that contain poliovirus proteins, are derived from membranes from throughout the protein secretory apparatus. To confirm further that the double-membrane structures that contain poliovirus proteins and those that contain cellular markers are the same structures, colocalization of poliovirus protein 2C and galT and lamp-1 was performed. These double-labeling experiments demonstrated the colocalization of galT and poliovirus 2C (Fig. 10A ) and of lamp-1 and 2C (Fig. 10B) in the double-membrane structures that accumulate during poliovirus infection. Furthermore, galT and lamp-1 both selectively labeled the electron-lucent membranes, not the darker regions enclosed by the double membranes, arguing that trans-Golgi and lysosomal membranes contributed directly to the doublemembrane structures and were not simply contained within the membrane-bounded region as cytoplasmic constituents.
DISCUSSION
Poliovirus-induced membranes contain markers from throughout the protein secretory pathway. Biochemical isolation of poliovirus-induced membranes was performed by immunoisolation of membranes that were physically associated with viral protein 2C in infected cells. This material was shown to be specific to viral infection by the absence of isolated material in the absence of the anti-2C antibody or when the immunoisolations were performed from lysates of uninfected cells.
PDI and p63, proteins normally found in the ER, were present in these virus-specific membranes, but proteins from later in the secretory pathway, from the Golgi apparatus and from lysosomes, were equivalently represented (Fig. 4 and 6) . This is surprising, considering that images consistent with the direct formation of the poliovirus-induced membranes from the rER have been obtained frequently (7) . Furthermore, the inhibition of poliovirus RNA replication by brefeldin A (45, 51), which inhibits ER-to-Golgi traffic, made the ER seem a likely source for the origin of these membranes (51) . ER membranes are the most abundant intracellular membranes (38) . From our biochemical results, we conclude that the ER constitutes a significant but not exclusive source for the poliovirusinduced membranous structures.
An integral membrane protein from the trans-Golgi stack and TGN, galT, was highly represented in the m 2 fraction. Immunostaining of membranes visualized by electron microscopy demonstrated the presence of galT in the double-membrane structures (Fig. 9C) and confirmed its colocalization with poliovirus protein 2C (Fig. 10A) . Only the more mature form of galT was observed in the immunoisolates (Fig. 4A and 6A ). Although poliovirus infection is known to cause a marked FIG. 6 . Quantitative immunoblots to determine relative amounts of cellular proteins immunoisolated from m 3 (A) and total (B) fractions. Proteins were dissociated from the magnetic beads with detergent, 2C-containing material was isolated, and the relative representation of each cellular marker in the immunoisolated material was determined as described for Fig. 4 . ␣-2C, anti-2C antibody.
VOL. 70, 1996 POLIOVIRUS-INDUCED MEMBRANES 6581 decrease in the rate of exocytic transport as measured by pulsechase experiments, galT that displays Golgi apparatus-specific modifications is still present in the total intracellular pool which can be sampled by Western analysis. The presence of trans-Golgi stack-specific forms of galT in the double-membrane structures induced by poliovirus infection argues that these forms were derived at least in part from the trans-Golgi stack or the TGN itself and not exclusively from membranes that contained galT en route to its destination. A relatively high proportion of Golgi apparatus-derived membranes in the poliovirus-induced membrane fraction provides an explanation for the observation that clearly recognizable Golgi stacks are absent from poliovirus-infected cells (16) . Lamp-1, an integral membrane protein found in mature lysosomes, was also highly represented in the poliovirus-induced membranes. Immunostaining of electron microscopy VOL. 70, 1996 POLIOVIRUS-INDUCED MEMBRANES 6585 sections confirmed instances of its localization to membranes that also contained poliovirus protein 2C (Fig. 9B) . However, most of the lamp-1-specific staining was found in larger membranous structures ( Fig. 8D and 9B ), which may represent bona fide lysosomes. The presence of lysosome-derived constitutents in poliovirus-induced membranes is consistent with the previously observed cytochemical localization of the lysosomal marker acid phosphatase to poliovirus-induced membranes at later stages of infection (41) . The 2C-containing membranes were found to contain proteins normally localized throughout the protein secretory pathway. This could result from any of three different possibilities. First, viral protein 2C could associate nonspecifically with many membranes in the cell, only a subset of which are used to assemble viral RNA replication complexes. However, 2C was found to colocalize with Golgi marker galT, and with lysosomal marker lamp-1, to membranous structures morphologically indistinguishable from the other poliovirus-induced membranes. Therefore, galT-and lamp-1-containing membranes are morphologically representative of the population of poliovirusinduced membranes, and there is no reason to suspect that a subset of these membranes does not contain functional RNA replication complexes. A second possibility for the presence of so many cellular markers in the 2C-containing membranes is that intracellular membranes fuse early in poliovirus infection, and the poliovirus-induced vesicular structures form from a pooled compartment. However, the observation that 2C-containing membranes could be physically separated on the basis of buoyant density into m 2 and m 3 fractions that displayed different relative abundances of cellular markers suggests that these membranes are not derived from a homogeneous pooled compartment. A third possibility, that the poliovirus-induced membranes are formed from several different compartments in the cell, is also consistent with the data presented here.
Poliovirus-induced membranous structures are bounded by double lipid bilayers. To visualize the poliovirus-induced membranes, cryofixation and electron microscopy were used. Over the past 30 years, several electron microscopic studies have described the morphological events associated with poliovirus infection. All of these studies have used chemical fixation, which immobilizes cellular structures in seconds to minutes, forms only selective cross-links, and induces osmotic changes in the membrane-bounded compartments during changes in fixation and washing buffers (33) . These problems can be largely overcome by the use of cryofixation methods, which are more rapid (milliseconds) and can immobilize all molecules simultaneously (20, 33) . The use of cryofixation methods in the study has provided strong evidence for the formation of double-membrane-bounded structures during poliovirus infection.
Interestingly, double membranes in poliovirus-induced cytoplasmic structures have been observed previously. In 1965, Dales and coworkers used a chemical fixation procedure in which infected cells were exposed briefly to glutaraldehyde before being fixed in osmium and observed poliovirus-induced "membrane-enclosed bodies" which resembled networks of vacuoles with double membranes wrapped around portions of cytoplasm (21) . They also observed that the membranes did not always completely enclose the central material. Their hypothesis was that poliovirus-induced membranes resembled "autolytic vacuoles" (21) . Autophagic vacuoles, as they are currently termed, are delineated by double membranes and are thought to form by the enwrapping of cytoplasm by membranes derived from the rER (reviewed in reference 29). They contain rER transmembrane proteins in their inner and outer membranes; at later stages of their maturation, the compartment closes by fusion of the two enwrapping double membranes. At this point, lgp120, a lysosomal membrane protein, is acquired in the outer membrane (27, 28) .
Mechanism of formation of double-membrane structures. Discussion of the intracellular origin or mechanism of formation of the poliovirus-induced membranes must account for the formation of double membranes. For example, a hypothesis from this laboratory that the poliovirus-induced membranes could be subverted transport vesicles (51) cannot be literally correct, since normal transport vesicles are thought to be formed by simple budding from the organelle of origin (reviewed in reference 60) and should thus be bounded by single membranes.
Double membranes could be acquired by two budding events, in which one vesicle first formed by budding into the ER, Golgi apparatus, or other organelle. The single-membrane vesicle could then bud out of the organelle into the cytoplasm, thus acquiring a second membrane. Alternatively, two membranes could envelope cytoplasm as a result of wrapping, originally forming a horseshoe-shaped structure that could later be sealed. Our observation of some such horseshoe-shaped structures ( Fig. 8B and 9C ) is more consistent with the latter hypothesis.
As anticipated by Dales et al. (21) , precedent for wrapping of cytoplasm exists in the formation of autophagic vacuoles, which can form as a result of amino acid or serum starvation or other cellular stress (reviewed in reference 29). Such vacuoles are thought to form by the wrapping of ER membranes around cytoplasm and cytoplasmic constituents; the resulting horseshoe-shaped structures and the double-membrane spherical vacuoles that they become are termed immature autophagic vacuoles (AV i s). The AV i s mature into degradative autophagic vacuoles (AV d s) by acquiring degradative enzymes from either mature lysosomes (49) or the prelysosomal compartment (58) . Mature AV d s contain only one membrane; the inner membrane is degraded. However, intermediates in autophagic vacuole maturation (AV i/d s) that have acquired certain lysosomal markers, contain two membranes, and have not yet acquired degradative lysosomal enzymes have been identified (28) . Maturation of AV i s into AV d s is inhibited by cycloheximide, an inhibitor of protein synthesis (50) . In cells that exhibit autophagy, a partial impairment of protein glycosylation and transport was observed: incompletely glycosylated proteins were delivered directly to lysosomes, bypassing the Golgi apparatus (43, 73) . Whether the poliovirus-induced membranous structures represent autophagic vacuoles arrested in their maturation by the viral inhibition of protein synthesis remains to be tested. However, the observation that the virus-induced membranes acquire a lysosomal marker is a further indication that their development parallels that of autophagic vacuoles. Furthermore, the finding of cytoplasmic components, such as poliovirions (Fig. 7C) and mitochondrial inner membrane proteins (data not shown), in the preparations of poliovirusinduced membranes is consistent with the presence of cytoplasm within the enwrapping double membranes.
The poliovirus protein or activity that causes accumulation of the double-membrane structures and rearrangement of the intracellular secretory apparatus has not yet been identified, although there are some likely candidates. Poliovirus protein 2A induces the formation of large electron-dense structures in the cytoplasm of Saccharomyces cerevisiae (6) . Poliovirus protein 2C, when expressed in vaccinia virus, causes membrane rearrangements that include the formation of vesicular membranes as well as the juxtaposition and stacking of membranes that appear to be derived from the ER, although this has not been tested by immunostaining (1, 16) . Poliovirus protein 2BC expressed by using vaccinia virus vectors also causes the formation of vesicular membrane structures more similar to those observed in poliovirus-infected cells than those formed in the presence of 2C alone (1, 16) . Interestingly, 2BC has recently been reported to induce vesicle formation in S. cerevisiae as well (5) . The expression of 2B alone in human cells by using vaccinia virus vectors or in yeast cells has been reported to have no effect on intracellular membrane structure (1, 5) . However, direct transfection of plasmids encoding either 2B or 3A causes the inhibition of protein traffic between the ER and the Golgi apparatus (25) . The expression of 3A alone also causes a normally secreted protein to colocalize with PDI, the ER lumenal protein; both the secreted protein and the ER protein were then found redistributed throughout the cytoplasm (25) . Viral protein 3A, when expressed in isolation, was found to localize to intracellular membranes that were thought to be ER or Golgi apparatus derived, although their identity was not determined by immunostaining (23) .
The experiments described in this report have revealed that the intracellular membrane rearrangements that accompany poliovirus infection result in the formation of double-membrane structures that contain markers from the ER, the transGolgi stacks and TGN, and lysosomes. The double-membrane structure implies that the membranes do not form by a simple budding mechanism from a discrete compartment in the cell but instead must form either by a double-budding mechanism or, more likely, by wrapping of cytosol by membranous compartments. How viral RNA replication complexes assemble on these membranes, why poliovirus RNA synthesis is inhibited by brefeldin A, and the mechanism of action of the viral proteins that promote membrane rearrangement remain to be discovered.
